Please cite this article as: M. Sah, A.N. Shore, S. Petri, et al., Altered excitatory transmission onto hippocampal interneurons in the IQSEC2 mouse model of X-linked neurodevelopmental disease, Neurobiology of Disease(2020), https://doi.
Mutations in the IQSEC2 gene on Chromosome Xp11.22 are implicated in multiple cases of X-linked epileptic encephalopathy (XLEE) and X-linked intellectual disability (XLID). IQSEC2 encodes a large 1488 amino acid protein with multiple functionally important domains such as the catalytic Sec 7 domain for loading GTP onto the small GTPase Arf6, a pleckstrin homology (PH) domain, a putative calmodulin binding IQ-like motif, a coiledcoiled (CC) motif and a PDZ protein binding domain Sanda et al. 2009 ). The IQSEC guanine exchange factor (GEF) family consists of three members -IQSEC1, IQSEC2 and IQSEC3 -proteins with nonoverlapping functions. While IQSEC1 and IQSEC2 are expressed exclusively at excitatory synapses , IQSEC3 is a part of the inhibitory postsynapse (Um 2017) . The IQSEC2 protein is highly enriched in the postsynaptic density (PSD) of excitatory glutamatergic synapses where it has been shown to form protein-protein interactions with postsynaptic density (PSD) proteins such as PSD-95 (Sakagami et al. 2008) , IRSp53 (Sanda et al. 2009 ) CamkII (Baucum et al. 2015) , SAP-97 (Baucum et al. 2015) and NMDARs (Elagabani et al. 2016) . Functionally, at excitatory synapses, it has been shown to carry out activity dependent removal of the AMPAR subunit GluA 1 (Myers et al. 2012) , insertion of AMPAR subunit GluA2 (Brown et al. 2016 ), mediate long term depression (Brown et al.,2016) , regulate synaptic NMDAR expression (Elagabani et al. 2016 ) and dendritic spine development (Hinze et al. 2017) . Therefore, it can be safely hypothesized that glutamatergic synapse alterations due to mutations in IQSEC2 would underlie associated behavioral and cognitive perturbations.
IQSEC2 was first linked to epileptic encephalopathy in a patient with X autosome translocation causing disruption of the IQSEC2 gene (Morleo et al. 2008) . Shortly after, a large X chromosome resequencing study revealed IQSEC2 mutations in patients with non-syndromic X-linked intellectual disability (XLID) .
patients (Olson et al. 2015; Srivastava et al. 2018; Radley et al. 2019; Zerem et al. 2016) . The seizure types range from spasms to generalized tonic-clonic, and epilepsy associated with epileptic encephalopathy is pharmacoresistant (Zerem et al. 2016; Shoubridge et al. 2019; Mignot et al. 2018) .
Interestingly, Mignot and colleagues (Mignot et al. 2018 ) report that a significant fraction of IQSEC2 pathogenic variants identified in their screen of 42 patients, 37 of which were previously undiagnosed, are predicted to end in early termination codons. These loss of function variants primarily linked to de novo mutations, affect both sexes and are linked to a spectrum of phenotypic severity spanning from severe intellectual disability, epileptic encephalopathy, global developmental delay, loss of speech and autism.
Despite the steady increase in these reported clinical cases, the research in animal models remains at a nascent stage.
The first published report of the Iqsec2 knockout mouse model was in 2017 (Hinze et al. 2017) in which they used hippocampal neuronal cultures from the null mice to examine IQSEC2's role in regulation of dendritic branching and morphogenesis. Earlier this year, Rogers and colleagues (Rogers et al. 2019 ) reported on the IQSEC2 animal model harboring a disease-causing missense mutation (A350V) in the IQ-like domain. This mutation exhibits reduced levels of AMPA receptors and autism-like behavioral perturbations. While our manuscript was in preparation, Jackson and colleagues (Jackson et al. 2019 ) published on the IQSEC2 mouse model which was earlier examined in the 2017 study. Here they carried out behavior and seizure phenotyping primarily of the Iqsec2 heterozygous knockout female mice and showed that downstream Arf6 signaling pathway is altered in Iqsec2 mutants. Additionally, they also reported a novel IQSEC2 nonsense variant c.566C > A, p.(S189*) in an elderly female patient.
hippocampal interneuron function and suggest new pathophysiological signature in this and related childhood neurological disease.
Methods

Mice and genotyping:
Iqsec2 knockout mice were generated using CRISPR/Cas9 at The Jackson Laboratory (Bar Harbor, ME). Briefly, a guide RNA 5'-AGCGACTCATTGAAGCTTTCAGG-3' was injected into single-cell mouse embryos of the C57BL/6NJ (B6NJ) inbred strain. Of 9 founder mice, one founder male carrying a 1 nt deletion in approximately 50% of somatic DNA, was bred to wildtype B6NJ females, from which the mutant colony was expanded. For optimizing fecundity and maternal care, mice were maintained on a mixed genetic background of C3HeB/FeJ x B6NJ. Male mice were used for experiments, unless stated otherwise, to avoid the confounding effects of X-inactivation in females. Genotyping was by PCR amplification and Sanger sequencing using primer pairs:
Iqsec2 F: ATG GGT GTG TCA GTG GTT TGT GTA GAG, Iqsec2 R: TTG GAA CTC ACT ACA TAG ACC AGT CTG. The protein nomenclature for the frameshift mutation is p.Phe860SerfsTer8.
RNA isolation and qRT-PCR:
Forebrain, cortex and hippocampus from either young or adult animals were used for RNA analysis. Isolation of total RNA with Trizol (Invitrogen, USA) was operated according to the manufacturer's protocol with minor modifications and qRT-PCR performed with an Applied Biosystems -Quant Studio5.
RT-PCR primers
Rpl13 F: AGCCGGAATGGCATGATACTG R: TATCTCACTGTA GGGCACCTC mM KCl, 17.8 mM HEPES, 1 mM EGTA, 0.6 mM MgCl2, 4 mM ATP, 0.3 mM GTP, 12 mM creatine phosphate, and 50 U/ml phosphocreatine kinase. The pipette resistance was between 2 and 4 MΩ. Standard extracellular solution contained the following (in mM): 140 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 4 MgCl2, and 2 CaCl2 (pH 7.3, 305 mOsm). All experiments were performed at room temperature (22-23°C). Whole-cell recordings were performed on neurons from Iqsec2 -/Y and wildtype groups in parallel on the same day (day 12-15 in vitro). On each day, and for each group, an attempt was made to record from equal numbers of glutamatergic (GFP + ) and
GABAergic (GFP -) neurons. All electrophysiology experiments were performed by two independent investigators blinded to the genotypes, and all data were analyzed offline with AxoGraph X software (AxoGraph Scientific, RRID:SCR_014284). From a total of five cultures, we recorded from a total of 52 glutamatergic and 53 GABAergic wildtype neurons, and 54 glutamatergic and 56 GABAergic mutant neurons. From all five cultures, we recorded from a total of 34 wildtype E-I neuron pairs, and 32 mutant E-I neuron pairs.
For voltage-clamp experiments, neurons were held at -70 mV. Miniature synaptic potentials were recorded for 70-90 s in 500 nM tetrodotoxin (TTX, Enzo Life Sciences) to block AP-evoked release, and either the GABA A receptor antagonist bicuculine methiodide (30 µM; hello bio) to isolate mEPSCs, or the AMPA receptor antagonist NBQX disodium salt (10 µM; TOCRIS Bioscience) to isolate mIPSCs. Data were filtered at 1 kHz and analyzed using template-based miniature event detection algorithms implemented in the AxoGraph X 1.6 software. The threshold for detection was set at 3.5 times the baseline SD from a template of 0.5 ms rise time and 3 ms decay for mEPSCs, and 20 ms decay for mIPSCs. For paired neuron recordings, action potential (AP)-evoked EPSCs and IPSCs were triggered by a 2 ms somatic depolarization to 0 mV at 0.1 Hz. The shape of the evoked response and the effect of receptor antagonists (bicuculline and NBQX) were analyzed to verify the glutamatergic or GABAergic identities of the responses.
For current-clamp experiments, intrinsic electrophysiological properties of neurons were tested by injecting 500-ms square current pulses incrementing in 20 pA steps, starting at −100 pA. Resting membrane potential (Vm) was calculated from a 50 ms average before current injection. The membrane time constant (τ) was calculated from an exponential fit of current stimulus offset. Input resistance was calculated from the steady state of the voltage responses to the hyperpolarizing current steps. Membrane capacitance was calculated by dividing the time constant J o u r n a l P r e -p r o o f Journal Pre-proof by the input resistance. APs were evoked with 500 ms, 20 pA depolarizing current steps, and the rheobase was defined as the minimum current required to evoke an AP during the 500 ms of sustained somatic cu rrent injections.
The AP threshold was defined as the membrane potential at the inflection point of the rising phase of the AP. The AP amplitude was defined as the difference in membrane potential between the AP peak and the threshold, and the afterhyperpolarization was the difference between AP threshold and the lowest point of hyperpolarization. The AP half-width was defined as the width of the AP at half-maximal amplitude. The membrane potential values were not corrected for the liquid junction potential.
Seizure testing:
For the PTZ test, adult mice between 9-12 weeks of age were injected subcutaneously with a threshold dose (50 mg/kg) of PTZ (Sigma-Aldrich, Co), placed onto clean bedding in a clear plastic box, and observed for 30 min. The incidence and latency to seizure endpoint standards (Racine, 1972) were recorded, and the group mean latency to tonic-clonic seizures was determined. The 6 Hz electroconvulsive threshold (ECT) test was as described previously with minor modifications (Frankel et al. 2001) , was performed once daily with increasing stimulus until a partial seizure was observed. Group means were calculated to determine threshold. For vid eo-EEG, adult mice were anesthetized and electrode implant surgery was performed as recently described (57).
Pup developmental milestones:
Developmental milestones were assessed every other day starting at PND4 through PND10 (Yang et al. 2012) . To avoid circadian rhythm-induced variability, each test litter was examined during the same 1 hr window. To assess physical development, pups were weighed; for righting reflex, the pups were turned on their back and given 30 sec to right themselves. To observe isolation -induced USV, pups were removed from their nest and isolated from mother and littermates. Pups were placed gently into a small isolation container made of plastic, containing fresh bedding material and USVs recorded using UltraSoundGate Condenser Microphone CM 16 (Avisoft Bioacoustics, Berlin, Germany). Each recording was carried out for 3 min and the number of calls emitted by the pups counted by an operator blinded to genotype. the test was 30 lux. In the test, mice were introduced to the center region of the elev ated plus-maze and allowed to explore freely for 5 min. Male-female social interactions were evaluated in a 5-min test session as previously described (Murphy, Jensen, and Walikonis 2006) 2.10 Statistics: Statistical analysis was performed using GraphPad Prism 7 software. Unpaired two -tailed Student's t-test for parametric data and Mann-Whitney test for non-parametric data was used to detect genotype differences in immunofluorescence intensity, mRNA and protein expression, elevated maze plus times, adult USV counts and 6 Hz test thresholds. 2-way ANOVA with Sidak's multiple comparison test as a post-hoc analysis was used to analyze developmental milestones, pup ultrasonic vocalizations, righting reflex across days and adult open field data across 1 hr recording time. A log-rank Mantel-Cox test was performed to compare the Kaplan-Meier analysis for adult mortality and the fisher's exact test for PTZ seizure latency. For electrophysiology data, we used generalized estimating equations (GEE) in SPSS V24 (IBM, RRID:SCR_002865), allowing for within -subject correlations and the specification of the most appropriate distribution for the data. All data distributions were assessed with the Shapiro-Wilk test. Datasets that were significantly different from the normal distribution (p < 0.05) were fit with models using the gamma distribution and a log link. Normal datasets were fit with models using a linear distribution and identity link. We used the model-based estimator for the covariance matrix and an exchangeable structure for the working correlation matrix. Goodness of fit was determined using the corrected quasi likelihood under independence model criterion and by the visual assessment of residuals. Because neurons and animals from the same culture are not independent measurements, culture was used as the subject variable, and animals and neurons were considered within-subject measurements. All values reported in the text are estimated marginal means +/ -standard error.
Results
Validation of the Iqsec2 knockout model
To model loss-of-function IQSEC2 disease, we created an Iqsec2 knockout mouse on the C57BL/6NJ (B6NJ) strain background using CRISPR/Cas9, resulting in a single nucleotide deletion and translational frameshift J o u r n a l P r e -p r o o f Journal Pre-proof (p.Phe860SerfsTer8) in Iqsec2 exon 7 ( Figure 1A ). Because hemizygous Iqsec2 -/Y males do not mate well, and on the B6NJ background heterozygous females are inattentive to pups, all studies were performed on a mixed hybrid background involving the C3HeB/FeJ and C57BL/6NJ strains. To detect Iqsec2 gene expression, RNA primers spanning exon 6 to exon 8 were designed. RT-PCR showed lack of amplification in the Iqsec2 -/Y animals compared to the wildtype littermates ( Figure 1B ). To investigate protein expression, we used forebrain homogenates from postnatal day (PND) 21 animals and probed for IQSEC2 using a N-terminus antibody (UCT 88 was developed against residues 10-198 of human IQSEC2 (Murphy, Jensen, and Walikonis 2006 ) and a C-terminus antibody (AB_2718685 recognizes residues 1380-1430 of human IQSEC2). Western blotting showed lack of protein expression and no evidence of truncated protein expression with either antibody ( Figure 1C ). This evidence suggests that the premature stop codon in exon 7 subjects the mutant Iqsec2 mRNA to nonsense mediated decay. The Nterminus antibody was used for all subsequent experiments and data presented.
To examine whether the Iqsec2 point mutation impacts expression of IQSEC family members, namely IQSEC1, IQSEC2, and IQSEC3 we evaluated respective mRNA transcripts from forebrain samples of PND14 mutants and controls by RT-qPCR and protein levels using western blot at PND21. Compared to wildtype littermates, hemizygous males showed an approximate 40-fold decrease in Iqsec2 mRNA expression with no change in either Iqsec1 or Iqsec3 mRNA expression ( Figure 1D ). Western blotting confirmed unchanged protein expression for IQSEC1 and IQSEC3 in Iqsec2 -/Y animals and complete absence of IQSEC2 protein ( Figure 1E ), confirming specificity of Iqsec2 targeting and importantly that the hemizygous mutant males are null for the Iqsec2 allele.
Increased adulthood mortality in Iqsec2 -/Y animals
Although Iqsec2 heterozygotes and hemizygotes were born in the expected Mendelian ratio and had no overt signs of neurological deficits, they had increased mortality compared to wildtype littermates. Iqsec2 -/Y mice had a median lifespan of 95 days and did not survive past 187 days ( Figure 1F 
Decreased susceptibility to induced seizures in Iqsec2 -/Y animals
To check for the presence of non-convulsive seizures or interictal epileptiform activity, continuous 48 hr video-EEG was recorded from three Iqsec2 -/Y and two littermate control 9-week old adult mice (Supplementary Figure 1B) . We also evaluated longer-term recordings in four Iqsec2 -/Y mice between 60 and 110 days of age for a total of 96 hr. No indication of any epileptiform activity was detected in these 7 mice. We do note, however, that during the final stages of preparation of our manuscript, a new publication by Jackson and colleagues reported recording spontaneous seizure activity in some adult Iqsec2 -/Y animals during continuous live-video surveillance (Jackson et al. 2019) . We suspect that differences in the respective strain background, or in the animal care environment, impact the manifestation of recurrent (non-lethal) spontaneous seizures.
To gain further insight into network excitability, we examined threshold to induced seizures using the 6 Hz electroconvulsive threshold (ECT) test and the pentylenetetrazole (PTZ) chemoconvulsion test. The 6 Hz ECT induces partial or "psychomotor" seizures and in particular is considered to be useful for studying pharmacoresistant epilepsy of limbic origin. Surprisingly and counterintuitively, compared wildtype (12.21 ± 0.5548 mA, n=7), Iqsec2 -/Y animals had a significantly elevated threshold to 6 Hz ECT (18.69 ± 0.4002 mA, n=8, p=0.0002; Figure 1G ).
Even heterozygous Iqsec2 mutant females had an elevated 6 Hz threshold (15.39 ± 0.535 mA, n=14), in between the threshold for the wildtype controls and knockout animals (Supplementary Figure 1A) , consistent with what might be expected from random Chr X inactivation. Similarly, in the chemoconvulsion test, using a dose of PTZ at the threshold for generalized tonic-clonic seizures (GTCS) in this mixed strain background, compared to all of the control animals (n=10), only 2 of the 14 Iqsec2 -/Y animals experienced GTCS (p<0.0001). Furthermore, those 2 Iqsec2 -/Y mice showed increased latency to GTCS compared to the wildtype ( Figure 1H ). Together, these results indicate that the susceptibility to some forms of induced seizures is actually suppressed in Iqsec2 -/Y mice.
Developmental and adult behavioral deficits in Iqsec2 -/Y animals
J o u r n a l P r e -p r o o f
Patients harboring IQSEC2 variants present a wide spectrum of phenotypes beyond seizures, including developmental regression, language development delay, intellectual disability and ASD. To test related functionality in Iqsec2 null mice, we performed a battery of neurobehavioral tests to assess development trajectory and adult behavior.
For developmental milestones (Figure 2A ), Iqsec2 +/Y (n=16) and Iqsec2 -/Y (n=10) pups were assessed, with observer blind to genotype, every other day from PND4-10 for weight gain and neurological reflex including righting reflex and maternal separation-induced ultrasonic vocalization (USV). An overall genotype difference was observed in pup growth (F (1, 24) =12.89, p=0.0015), whereby Iqsec2 -/Y pups grew more slowly than wildtype littermates, first apparent at PND8 (PND4 p=0.6495, PND6 p=0.08, PND8 p=0.001, PND10 p<0.0001). No significant difference between genotypes was found for righting reflex (F (1, 24) =0.03721, p=0.8487) or for separation-induced USV (F (1, 24) =0.02588, p=0.8754). Additionally, the Iqsec2 -/Y adult animal growth never catches up to wildtype littermates ( Supplementary   Figure 2A ), although the weight difference becomes less statistically significant with age (PND21 p<0.0001, PND60 p=0.09).
For adult behaviors, 8-12 week-old Iqsec2 -/Y and wildtype male littermates were assessed in the open field arena ( Figure 2B ), revealing a significant increase in ambulatory activity as measured by total distance travelled over a 60 min period (F (1, 28) =13.77, p=0.001), but no difference was observed in time spent in the center (Supplementary We also tested the animals for anxiety-related behavior using the elevated plus-maze test ( Figure 2C ). Overall, Iqsec2 -/Y mice spent significantly more time in the closed arms (p=0.024) and reciprocally, less time in the open arms (p=0.001) than wildtype littermates. These behaviors suggest anxiety in mature Iqsec2 null mice. Adult males typically display USV upon initiating courtship or marking their territory. Despite having viable sperm (based on successful cryopreservation), adult Iqsec2 -/Y mice did not successfully mate in our hands. Therefore, we measured female-induced USV in male hemizygotes at 9-11 weeks of age, as an analogous approach to assess social and verbal communication skills ( Figure 2D ). Similar measurement techniques have been frequently deployed in study of animal models with neurological deficits such as ASD (Yang et al. 2012) . For this test, male Iqsec2 -/Y and wildtype littermates were paired with unfamiliar estrous B6NJ females in a testing cage for a total of 5 min and the J o u r n a l P r e -p r o o f total number of calls emitted by the male mice quantified. Compared to wildtype counterparts, Iqsec2 -/Y males emitted significantly fewer ultrasonic vocalizations (p<0.0001), strongly suggesting that loss of Iqsec2 impairs social male-female interaction.
IQSEC2 protein expression and reactive astrogliosis in Iqsec2 -/Y animals
Although evidence for Iqsec2 mRNA localization within the brain exists (Sanda et al. 2009 ), protein had not been previously examined in situ. Temporal expression patterns demonstrate that the IQSEC2 protein is first detected at PND7 and reaches peak stable expression at PND14 (Elagabani et al. 2016b) . Therefore, to obtain a snapshot of spatial protein expression we probed sagittal sections from Iqsec2 +/Y and Iqsec2 -/Y animals at PND16 with a serum antibody against IQSEC2 (Murphy 2006) . Consistent with previously reported forebrain mRNA expression (Sanda et al. 2009 ) IQSEC2 expression was highest in the hippocampal formation ( Figure 3A-B ), suggesting functional importance in the region. To note, staining was completely absent from sections from Iqsec2 -/Y animals, confirming antibody specificity.
Characterization of general brain architecture by Nissl staining did not reveal obvious abnormalities nor were any differences detected in brain to body weight ratio in the Iqsec2 -/Y mice (Supplementary Figure 2B -E). Double immunostaining for cleaved caspase 3, GFAP, and in parallel Flu oroJade C (FJC) was performed to ascertain degenerating cells or overt cell deathboth were negative. However, there was significantly increased GFAP immunoreactivity, a proxy for reactive astrogliosis, in Iqsec2 -/Y hippocampal region compared to control in PND28 animals (Iqsec2 -/Y N=5, Iqsec2 +/Y N=7; Figure 3C -E). Quantification by western blot confirmed the increase in GFAP protein expression in Iqsec2 -/Y hippocampal lysate (N=3 for each genotype); p<0.05; Figure 3E ). In this study, we confined our examinations to the hippocampus since high protein expression and region -specific reactive astrogliosis in the knockout mice underscored both the functional relevance and therefore, the vulnerability of this region to IQSEC2 loss. Given the localization of IQSEC2 at the excitatory postsynaptic density, it is not surprising that previous studies showed that it regulates glutamatergic synaptic transmission. More specifically, one group showed that Iqsec2 knockdown reduces, and Iqsec2 overexpression increases, evoked excitatory postsynaptic current (eEPSC) amplitude onto CA1 pyramidal neurons of PND5-PND6 rats (Brown et al. 2016) , whereas another reported that Iqsec2 knockdown reduces the frequency of miniature excitatory postsynaptic currents (mEPSCs) onto CA1 pyramidal neurons of PND16 mice (Elagabani et al. 2016) . To determine whether IQSEC2 genetic loss alters synaptic transmission in hippocampal neurons, we generated dissociated hippocampal neuron cultures from P ND1-PND2 Iqsec2 -/Y and wildtype littermate pups. The cultured neurons were transfected with an adeno -associated virus expressing an enhanced green fluorescent protein driven by a calcium/calmodulin -dependent kinase II promoter (AAV-CamKII-EGFP) to better distinguish between glutamatergic and GABAergic neurons. Between 12-15 days in vitro (DIV), we performed whole-cell patch-clamp electrophysiology to assess alterations in synaptic transmission.
Loss of
First, we performed voltage-clamp recordings to analyze spontaneous miniature activity onto glutamatergic and GABAergic neurons from each group. To obtain miniature activity, we recorded from neurons in a solution containing tetrodotoxin (TTX; 500 nM) and either bicuculine (30 µM) to isolate mEPSCs, or NBQX (10 µM) to isolate miniature inhibitory postsynaptic currents (mIPSCs). In contrast to previous reports, we observed no statistically significant difference in mEPSC frequency or amplitude onto Iqsec2 -/Y glutamatergic neurons compared with wildtype (WT: 1.96 ± 0.18 Hz, Iqsec2 -/Y : 1.63 ± 0.15 Hz, p = 0.17; Figure 4A 1,2 and WT: 10.2 ± 0.4 pA, Iqsec2 -/Y : 9.4 ± 0.4 pA, p = 0.19; Figure 4A 1,3 ) . However, there were significant increases in mEPSC frequency and amplitude onto Iqsec2 -/Y GABAergic neurons compared with wildtype (WT: 5.74 ± 0.5 Hz, Iqsec2 -/Y : 7.58 ± 0.7 Hz, p = 0.038; Figure 4B 1,2 and WT: 15.3 ± 0.6 pA, Iqsec2 -/Y : 17.3 ± 0.7 pA, p = 0.017; Figure 4B 1,3 ). There were no genotype-dependent differences in mIPSCs onto glutamatergic (WT: 2.38 ± 0.2 Hz, Iqsec2 -/Y : 2.26 ± 0.2 Hz, p = 0.65; Supplementary Figure 4A 1,2 and WT: 17.8 ± 1.4 pA, Iqsec2 -/Y : 16.9 ± 1.3 pA, p = 0.45; Supplementary Figure   4A 1,3 ) or GABAergic neurons (WT: 2.72 ± 0.2 Hz, Iqsec2 -/Y : 3.10 ± 0.3 Hz, p = 0.25; Supplementary Figure 4B 1,2 and WT: 18.8 ± 1.5 pA, Iqsec2 -/Y : 18.3 ± 1.4 pA, p = 0.71; Supplementary Figure 4B 1,3 ) .
To determine whether the enhanced spontaneous glutamatergic transmission onto GABAergic neurons also occurs upon evoked release, we performed paired recordings of glutamatergic and GABAergic neurons from Iqsec2 -/Y and J o u r n a l P r e -p r o o f wildtype hippocampal neuron cultures . For each pair, we stimulated a glutamatergic neuron and recorded the eEPSC onto a paired GABAergic neuron ( Figure 4C 1 ) , or we stimulated a GABAergic neuron and recorded the eIPSC onto a paired glutamatergic neuron ( Supplementary Figure 4C 1 ). Similar to the mEPSC data, the average amplitude of the EPSCs evoked onto GABAergic neurons was increased in the Iqsec2 -/Y pairs relative to that of the wildtype pairs (WT: 236 ± 53 pA, Iqsec2 -/Y : 762 ± 184 pA, p = 0.006; Figure 4C 1,2 ) . Also, in agreement with the mIPSC data, there was no genotype-dependent difference detected in the eIPSCs onto glutamatergic neurons (WT: 1514 ± 316 pA, Iqsec2 -/Y : 1081 ± 225 pA, p = 0.27; Supplementary Figure 4C 1,2 ) . Taken together, these data identify an increase in excitatory synaptic input specifically onto interneurons downstream of IQSEC2 loss, suggesting neuron subtype-specific roles for this PSD protein.
Loss of Iqsec2 alters the intrinsic electrical properties of GABAergic hippocampal neurons
To determine whether the alterations in synaptic transmission are accompanied by alterations in the intrinsic electrical properties, we performed current-clamp recordings and analyzed passive and active membrane characteristics of glutamatergic and GABAergic neurons from Iqsec2 -/Y and wildtype hippocampal neuron cultures (DIV12-15). Iqsec2 -/Y glutamatergic neurons showed no differences in passive or active membrane properties relative to those of wildtype ( Supplementary Table 1 ). However, Iqsec2 -/Y GABAergic neurons had a more hyperpolarized resting membrane potential, and a lower input resistance with a higher membrane capacitance (WT: -56.7 ± 0.7 mV, Iqsec2 -/Y : -59.1 ± 0.7 mV, p = 0.013; Figure 5A 1 , WT: 111.2 ± 7.2 MΩ, Iqsec2 -/Y : 91.1 ± 5.8 MΩ, p = 0.030; Figure 5A 2 , and WT: 113.3 ± 5.2 pF, Iqsec2 -/Y : 134.6 ± 6.0 pF, p = 0.007; Figure 5A 3 ). Frequently, neurons with a hyperpolarized resting membrane potential and lower input resistance also have an increased rheobase, which is the amount of current necessary to stimulate the firing of an action potential (AP). Thus, we next injected increasing amounts of current into the neurons to determine their rheobase. Although the average rheobase of Iqsec2 -/Y GABAergic neurons appeared to show the predicted increase relative to that of wildtype, the difference was not significant (WT: 245.3 ± 27.4 pA, Iqsec2 -/Y : 319.3 ± 34.6 pA, p = 0.094). Moreover, the AP threshold and amplitude were unaltered by Iqsec2 loss (WT: -35.5 ± 0.6 mV, Iqsec2 -/Y : -36.1 ± 0.6 mV, p = 0.440; WT: 63.6 ± 1.4 mV, Iqsec2 -/Y : 64.3 ± 1.4 mV, p = 0.733). However, the Iqsec2 -/Y GABAergic neurons fired APs with narrower halfwidths and larger afterhyperpolarizations (AHPs) than wildtype (WT: 0.98 ± 0.04 ms, Iqsec2 -/Y : 0.85 ± 0.03 ms, p = 0.009; Figure 5B 1,2 , WT: 20.4 ± 0.8 mV, Iqsec2 -/Y : 24.9 ± 0.8 mV, p < 0.001; Figure 5B 1,3 ) . Taken together, these J o u r n a l P r e -p r o o f data demonstrate profound alterations in multiple intrinsic electrical properties specifically in GABAergic neurons following Iqsec2 loss, further supporting neuron subtype-specific roles for IQSEC2. Interestingly, several of the observed alterations in Iqsec2 -/Y GABAergic neurons, including the lower input resistance, narrower AP half-widths, and larger AHPs, are hallmark features of fast-spiking (FS) interneurons, suggesting either an enrichment of FS interneurons, or perhaps, simply an enhancement of an FS-like phenotype due to Iqsec2 loss
Loss of Iqsec2 results in an increase in PV interneurons in adult hippocampus
Together, parvalbumin (PV)-and somatostatin (SST)-expressing interneurons constitute the largest non-overlapping groups of interneurons in cortex and hippocampus. Interneuron maturation is dictated closely by excitatory input during development (Pelkey et al. 2017) . Since GABAergic interneurons are impacted upon IQSEC2 loss, we examined expression of these inhibitory cell markers, PV and SST, both temporally at PND16 and PND60, and spatially in cortex and hippocampus. Beginning with mRNA expression we observed a significant increase in PV mRNA expression in the hippocampus of PND60 Iqsec2 -/Y animals compared with control (Iqsec2 +/Y : 1.005±0.047, Iqsec2 -/Y : 1.547±0.1643, p=0.0225, Figure 6A ) while the expression of SST across the timepoints and genotypes remained unaltered ( Figure 6A ). Since an increase in PV mRNA expression can stem from either a cell intrinsic increase in expression as a response to synaptic activity (Turner et al. 2010) or an increase in number of PVexpressing neurons themselves, we examined PND60 brain sections for PV interneuron expression and found an increased number of PV-expressing cells in the hippocampus of Iqsec2 -/Y animals ( Figure 6B-D) , suggesting that the increase in PV mRNA expression is likely a consequence of an increased number of PV-expressing interneurons.
Interestingly, the hippocampus of an outlier PND60 animal (marked in the graphs) showed a robust decrease in PV and SST mRNA expression in both the hippocampus and cortex. Additionally, we carried out morphometric analysis of the dentate gyrus thickness of the PND60 animals and found no difference between the genotypes (Supplementary Figure 2E ), suggesting that the increase in PV cell number occurs without an increase in overall dentate gyrus cell number in adult Iqsec2 -/Y animals.
Although IQSEC2 is known to densely localize in spines of excitatory neurons, its expression in interneurons was heretofore not described. To further clarify our findings, we also examined IQSEC2 expression in PV-positive cells.
Importantly, using DIV14 dissociated hippocampal neuronal cultures, we identified that IQSEC2 is highly expressed J o u r n a l P r e -p r o o f Journal Pre-proof in PV-positive interneurons ( Figure 6E ). Additionally, PV-positive neurons in brain slices of adult Iqsec2 +/Y animals were also reactive against the IQSEC2 antibody ( Figure 6E ). These findings suggest that developmental loss of IQSEC2 from these FS interneurons may be responsible for alterations in their intrinsic properties.
Discussion
De novo and inherited mutations in IQSEC2 have been identified in multiple patients diagnosed with autism spectrum disorder, intellectual disability, developmental delay, epilepsy and/or epileptic encephalopathy (Mignot et al. 2018; Shoubridge, Harvey, and Dudding-Byth 2019; Radley et al. 2019) . Accordingly, Iqsec2 knockout mice have several neurobehavioral phenotypes anticipated from human clinical features, including spontaneous seizures, developmental delay, hyperactivity and deficits in adult male-female social interactions. In our study we focused on male mice to minimize phenotypic dispersion that results from mosaicism due to random X-inactivation in heterozygous females. We note that several in vivo phenotypes are consistent with those reported very recently in an independent Iqsec2 model that was published while our study was in preparation (Jackson et al. 2019) Probing further, we noticed several unusual phenotypic features, including relative resistance to both 6 Hz electrically-induced partial or limbic seizures and to pentylenetetrazole-induced tonic-clonic seizures. While these findings are counterintuitive to the occurrence of severe spontaneous seizures, they are nevertheless striking and unique characteristics of the knockout mice offering clues to the underlying cellular and molecular etiology of IQSEC2 loss, in particular by suggesting a focus on the hippocampus and on inhibitory neurotransmission , respectively. Although IQSEC2 is known to be expressed at excitatory synapses and regulates transmission onto excitatory neurons (Murphy 2006; Brown et al. 2016; Myers et al. 2012) , our detailed electrophysiological investigation of hippocampal synaptic transmission showed that loss of IQSEC2 affects excitatory transmission onto GABAergic neurons in a fundamentally different way, and that IQSEC2 is also strongly expressed in parvalbuminpositive hippocampal interneurons -the most abundant type of hippocampal interneuron and tight regulators of excitatory neuron output (Booker and Vida 2018) . Concomitant histological and molecular analysis further compelled our investigations. Specifically in the hippocampus of IQSEC2 deficient mice we observe reactive astrogliosis without overt cell loss. We also observe an age-dependent increase in parvalbumin expression and an increase in the number of parvalbumin-expressing neurons.
J o u r n a l P r e -p r o o f
Electrophysiological examination of dissociated hippocampal neurons revealed significant changes at the excitatory synapses onto GABAergic interneurons (but not onto excitatory neurons), namely, an increase in excitatory drive as measured through both miniature and evoked events. Also, only GABAergic hippocampal neurons displayed significant alterations in intrinsic properties. It is known from other studies in vivo and in vitro that shRNA-mediated loss of IQSEC2 results in increased excitatory cell dendritic branching and spine density (Hinze et al. 2017) , factors that could result in an increased dendritic territory for the number of excitatory presynaptic contacts onto interneurons. Our finding that the membrane capacitance, and presumably total membrane area, is increased in Iqsec2 -/Y GABAergic neurons supports this possibility. The results also suggest the hypothesis that in a hippocampal circuit, the functional consequence of an increased excitatory drive onto interneurons would be a predominantly hyperinhibited network. This hypothesis is consistent with data from Rogers and colleagues (Rogers et al. 2019) who very recently showed a significant decrease in hippocampal synaptic transmission in mutant mice that carry an
Iqsec2 missense mutation.
The medial ganglionic eminence (MGE) produces approximately 60% of all neocortical and hippocampal interneurons and is comprised chiefly of functionally divergent cells types broadly identified by parvalbumin and somatostatin expression (Tricoire et al. 2011; Pleasure et al. 2000; Wonders and Anderson 2006; Butt et al. 2005) .
Importantly, the excitatory postsynaptic densities of these MGE derived interneurons differ in molecular composition from the excitatory postsynaptic densities of excitatory and caudal gang lionic eminence (CGE) derived interneurons in that they express calcium permeable GluA1 containing AMPARs but lack receptors containing GluA2 (Akgül and McBain 2016) . Published studies show that while IQSEC2 aids GluA1 internalization (Myers et al. 2012) , its overexpression increases GluA2 surface insertion (Brown et al. 2016) . Since our results show that loss of IQSEC2 selectively affects excitatory synapses onto GABAergic neurons but not on to excitatory neurons, we hypothesize that the increase in miniature EPSCs upon IQSEC2 loss is being driven by increase in GluA1 expression in MGE derived interneurons. Furthermore, we speculate that even within the MGE population, there may be cell subtypes more vulnerable to IQSEC2 loss. Our electrophysiological recordings show that some altered cell intrinsic properties of GABAergic cells such as lower input resistance, narrower AP half-widths, and larger AHPs resemble features of FS parvalbumin positive cells and our histological data shows a clear increase in the abundance of parvalbumin positive cells in the hippocampus of adult mice. In future studies a conditional knockout approach will help to clarify the cell autonomous role of IQSEC2 in different neuronal subtypes.
It is presently unclear whether the membrane excitability changes in GABAergic neurons are secondary to the increased glutamatergic input or primary drivers of the increased glutamatergic input, or both. The known role of IQSEC2 at the postsynapse suggests that the synaptic changes drive the excitability changes . Other neurodevelopmental disease-causing gene disruptions have also been shown to simultaneously affect membrane excitability and synaptic input suggesting that convergent changes at membranes and synapses (Yi et al. 2016; Tai et al. 2014; Weston, Chen, and Swann 2014) or disruptions in the balance may underlie many disease phenotypes (Antoine et al. 2019) . Nevertheless, the data overall strongly implicate inhibitory neurons in the hippocampus as important players of pathogenesis associated with IQSEC2 deficiency.
Several of our observations are consistent with other models of childhood neurodevelopmental dise ases in the ASD, ID and epileptic encephalopathy spectrum. Developmentally increased parvalbumin cell number and parvalbumin mRNA expression was reported in mouse models of Rett Syndrome caused by genetic ablation of Cdkl5 and Mecp2 (Zhu and Xiong 2019; Patrizi et al. n.d.; Rudenko et al. 2015; Morello et al. 2018) . Excitatory synaptogenesis closely dictates interneuron development (Tremblay, Lee, and Rudy 2016; Hu et al. 2017) . Overall, parvalbumin expressing cells, compared to other interneuron types , receive over 10-fold more excitatory than inhibitory inputs (Buhl et al. 1996) . Additionally, parvalbumin is a calcium-binding albumin protein whose expression in cells is closely regulated by synaptic calcium influx (44). At the excitatory synapse, IQSEC2, which has a calmodulinbinding domain, regulates NMDAR signaling and AMPAR subunit expression, thereby effectively regulating calcium entry into the cell (Rogers et al. 2019; Myers et al. 2012; Brown et al. 2016; Elagabani et al. 2016 ). IQSEC2 loss might therefore, upset excitatory synaptic activity -induced calcium entry, providing an alternative explanation for the increased parvalbumin expression. Therefore, based on our data, we suggest that a persistent increase in excitatory synaptic input onto these interneurons during development along with compensation for altered calcium dynamics likely results in higher parvalbumin cell expression upon IQSEC2 loss. A small percentage of somatostatin (SST)-producing non-FS cells is also known to express some PV (Maccaferri and McBain 1995) .
However, since we did not detect any difference in SST mRNA between the genotypes and timepoints, we conclude that the increased parvalbumin mRNA expression is being driven by an increase in parvalbumin-expressing FS cells.
Fast spiking parvalbumin interneurons mediate feedforward inhibition in the hippocampal and cortical circuits.
Since this form of inhibition is strongly effective in preventing the spread of epileptic activity be yond the generation J o u r n a l P r e -p r o o f Journal Pre-proof locus, these interneurons are regarded as one of the main obstacles on the pathway to the generation of convulsions (Andreae 2018) . Thus, the sheer increase in number along with an increased excitatory input onto these interneurons may explain the unexpected increased resistance to induced seizures in the mutant animals.
In light of our cellular and electrophysiological observations, an obvious puzzle is how would a hypoexcitable network result in seizure activity? Since the Iqsec2 -/ Y mice die of a lethal seizure, it is tempting to speculate that the abnormally increased excitatory drive onto interneurons may play a role in the preictal transition to seizure activity in a mutant hippocampus. The rationale is that repeated excitation of inhibitory neurons s uch as that seen with seizure activity would result in switched signs of chloride ion reversal potential, turning GABA release depolarizing from hyperpolarizing (Mackenzie and Maguire 2015) . We also find evidence of hippocampal reactive gliosis in Iqsec2 -/Y mice suggestive of a region under stress. Although, we did not find any evidence of cell death in adult mice, the increased excitatory drive onto interneurons during development could result in excitotoxicity mediated interneuron cell-death shifting balance to increased excitation. In fact, one knockout animal in our adult mRNA expression profiling group displayed an almost 30% decrease in PV and SST mRNA expression in both the hippocampus and cortex ( Figure 6A ). Based on this observation, we predict that recruitment of the cortex by the hippocampus, driven by interneuron cell death, may be the harbinger for seizure activity in these animals.
Conclusion
The skewing of E/I balance towards a decreased E/I ratio is indeed increasingly observed in multiple loss -offunction neurodevelopmental disorders in genes encoding neuroligin, β -neurexin, SHANK3, fragile X mental retardation protein (FMRP), and Rett syndrome-associated MeCP2 (Gatto and Broadie 2010) . Importantly, almost all of these genetic models report spontaneous seizure activity. Such a convergence of diverse genetic factors on a few key common features suggests a few impactful mechanisms to maintain status quo . Given the pointed anomalies in hippocampal PV+ interneurons observed here, we expect that continu ed study of the IQSEC2 model will not only assist in design of therapeutic intervention for IQSEC2 but possibly also in related neurodevelopmental disorders with overlapping pathophysiological signatures. less than their wildtype counterparts at PND21 (p<0.001, n=10 for each genotype) and PND60 (p=0.09, n=15 for each genotype) B. No significant difference in brain volume of Iqsec2 -/Y mice at PND21 (p=0.6234, n=6 for each genotype) compared to their wildtype counterparts. C. Nissl staining of coronal sections from PND21 animals revealed no gross morphological differences between the genotypes (n=6 for each genotype). Scale bar is 1000 µm D. No significant difference in cortical layer thickness of Iqsec2 -/Y mice compared to their wildtype counterparts J o u r n a l P r e -p r o o f Supplementary Table 1 . Intrinsic electrical properties of glutamatergic hippocampal neurons. Summary of intrinsic electrical properties of cultured glutamatergic neurons (days 12-15 in vitro) from the hippocampi of WT and Iqsec2 -/Y mice. The membrane resting potential (V rest ), input resistance (R in ), time constant (τ m ), and capacitance (C m ), of each neuron was measured immediately following break-in, and then APs were evoked with 500 ms, 20 pA depolarizing current steps to measure AP parameters. Data are represented as mean ± SEM, and n is the number of glutamatergic neurons in each group. The p-values were calculated using Generalized Estimating Equations.
WT (n=52)
Iqsec2 -/Y (n=54) p-value J o u r n a l P r e -p r o o f Highlights  Iqsec2 knockout mice display growth and adult behavior deficits.  Iqsec2 knockout mice exhibit increased adulthood mortality due to lethal seizure but are relatively resistant to induced seizures.  IQSEC2 expression is strongest in the hippocampus and loss result s in hippocampus specific gliosis.  IQSEC2 loss results in aberrant excitatory input onto interneurons and in altered intrinsic properties of interneurons.  IQSEC2 is expressed in parvalbumin interneurons, and IQSEC2 loss results in an increase in parvalbumin interneurons in adult hippocampus. 
